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1.0 Background of the Invention 

The present application claims the priority of United States Provisional Patent 
Application Serial No. 60/086,898 filed May 27, 1998, the entire disclosure of which is 
incorporated herein by reference without disclaimer. The government may have certain 
5 rights in the present invention pursuant to grant numbers POl HL59412 and POl NS36302 
from the National Institutes of Health. 

1.1 Field of the Invention 

The present invention relates generally to the field of virology, and in particular, to 
10 methods for preparing highly-purified, high-titer recombinant adeno-associated virus 
compositions. In certain embodiments, the invention concerns the use of equilibrium 
density centrifiigation techniques, affinity chromatographic media, and in certain 
embodiments anion- and cation-exchange resins, to remove rAAV particles fi-om solution 
and to prepare highly purified viral stocks for use in a variety of investigative, diagnostic 
15 and therapeutic regimens. Methods are also provided for purifying rAAVs from solution 
and for reducing the concentration of adenovirus in rAAV stocks. 

1.2 Description of Related Art 
1.2.1 Adeno-Associated Virus 

20 Adeno-associated virus-2 (AAV) is a human parvovirus which can be propagated 

both as a lytic virus and as a provirus (Cukor et al, 1984; Hoggan et al, 1972). The viral 
genome consists of linear single-stranded DNA (Rose etal, 1969), 4679 bases long 
(Srivastava etal, 1983), flanked by inverted terminal repeats of 145 bases (Lusby etal, 
1982). For lytic growth AAV requires co-infection with a helper virus. Either adenovirus 

25 (Ad; Atchinson etal, 1965; Hoggan, 1965; Parks etal, 1967) or herpes simplex virus 
(HSV; BuUer et a/., 1981) can supply helper function. Without helper, there is no evidence 
of AAV-specific replication or gene expression (Rose etal, 1972; Carter era/., 1983; 
Carter et aL, 1983). When no helper is available, AAV can persist as an integrated provirus 
(Hoggan, 1965; Bems etal, 1975; Handa etai, 1977; Cheung etaL, 1980; Bems etaL, 

30 1982). 
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Integration apparently involves recombination between AAV termini and host 
sequences and most of the AAV sequences remain intact in the provirus. The abiUty of 
AAV to integrate into host DNA is apparently an inherent strategy for insuring the survival 
of AAV sequences in the absence of the helper virus. When cells carrying an AAV 
5 provirus are subsequently superinfected with a helper, the integrated AAV genome is 
rescued and a productive lytic cycle occurs (Hoggan, 1 965). 

AAV sequences cloned into prokaryotic plasmids are infectious (Samulski etaL, 
1982). For example, when the wild type AAV/pBR322 plasmid, pSM620, is transfected 
into human cells in the presence of adenovirus, the AAV sequences are rescued jfrom the 

10 plasmid and a normal AAV lytic cycle ensues (Samulski etaL, 1982). This renders it 
possible to modify the AAV sequences in the recombinant plasmid and, then, to grow a 
viral stock of the mutant by transfectmg the plasmid into human cells (Samulski etaly 
1983; Hermonat etaL, 1984). AAV contains at least three phenotypically distinct regions 
(Hermonat et al, 1984). The rep region codes for one or more proteins that are required for 

15 DNA replication and for rescue from the recombinant plasmid, while the cap and lip 
regions appear to code for AAV capsid proteins and mutants within these regions are 
capable of DNA replication (Hermonat etal, 1984). It has been shown that the AAV 
termini are requked for DNA replication (Samulski et al, 1983), 

The construction of two E, coli hybrid plasmids, each of which contains the entire 

20 DNA genome of AAV, and the transfection of the recombinant DNAs into human cell lines 
in the presence of helper adenovirus to successfully rescue and replicate the AAV genome 
has been described (Laughlin era/., 1983; Tratschine/a/., 1984a; 1984b). 

1 .2.2 Conventional Methods for Preparing Recombinant AAV 
25 Recombinant adeno-associated virus (rAAV) has been demonstrated to be a useful 

vector for efficient and long-term gene transfer in a variety of tissues, including lung 
(Flotte, 1993), muscle (Kessler, 1996; Xiao and Samulski, 1996; Clark etal, 1997; Fisher 
et al, 1997), brain (Kaplitt, 1994; Klein, 1998) retina (Flannery, 1997; Lewin et al, 1998), 
and liver (Snyder, 1997). It has also been demonstrated to evade the immune response of 
30 the host by failing to transduce dendritic cells (Jooss et al, 1998). Phase I clinical trails are 



underway for cystic fibrosis rAAV-mediated gene therapy (Flotte etai, 1996; Wagner 
etaLy 1998). Yet in spite of these promising developments one of the problems that 
remains to be solved is that vector production remains very laborious. 

Currently rAAV is most often produced by co-transfection of rAAV vector plasmid 
5 and wt AAV helper plasmid into Ad-infected 293 cells (Hermonat and Muzyczka, 1984). 
Recent improvements in AAV helper design (Li et al, 1997) as well as construction of 
non-infectious mini-Ad plasmid helper (Grimm et al, 1998; Xiao et al, 1998; Salvetti, 
1998) have eliminated the need for Ad infection, and made it possible to increase the yield 
of rAAV up to 10^ particles per transfected cell in a crude lysate. Scalable methods of 

10 rAAV production that do not rely on DNA transfection have also been developed (Chiorini 
etal, 1995; Conway etal, 1997; Inoue and Russell, 1998; Clark etal, 1995). These 
methods, which generally involve the construction of producer cell lines and helper virus 
mfection, are suitable for high-volume production. 

However, little progress has been made on the downstream purification of rAAV. 

15 The conventional protocol involves the stepwise precipitation of rAAV using ammonium 
sulfate, followed by two or preferably, three rounds of CsCl density gradient centrifiigation. 
Each round of CsCl centrifiigation involves fi-actionation of the gradient and probing 
fi:actions for rAAV by dot-blot hybridization or by PCR™ analysis. No only does it require 
two weeks to complete, but the current protocol often results in poor recovery of the vector 

20 and poor virus quality. The growing demand for different rAAV stocks often strains the 
limited capacities of vector production facilities. There is, therefore, a clear need for a 
protocol that will reduce the preparation time substantially without sacrificing the quality 
and/or purity of the final product. 

25 2,0 Summary of the Invention 

In a first embodiment, the invention concerns a method of purifying a 
recombinant adeno-associated virus. In general, the method comprises centrifiiging a 
sample containing or suspected of containing recombinant adeno-associated virus through 
at least a first iodixanol gradient, and collecting the purified virus or at least a fu-st 

30 firaction comprising the recombinant adeno-associated virus, fi'om the gradient. 
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Preferably the gradient is a discontinuous gradient, although the inventors contemplate 
the formulation of continuous iodixanol gradients that also provide purification of rAAV 
compositions. In certain aspects of the invention, multiple iodixanol gradients, for 
example at least a second, at least a third and/or at least a fourth iodixanol gradient, are 
5 used to purify the recombinant adeno-associated virus. 

In an exemplary discontinuous iodixanol gradient, the gradient comprises an 
about 15% iodixanol step, an about 25% iodixanol step, an about 40% iodixanol step, and 
an about 60% iodixanol step. Optionally, the gradient may contain steps having lower 
concentrations of iodixanol, and likewise, the gradient may contain steps that have higher 

10 concentrations of iodixanol. Naturally, the concentrations of each step do not need to be 
exact, but can vary slightly depending upon the particular formulation and preparation of 
each step. The inventors have shown that most rAAV particles will band in an iodixanol 
gradient at a level corresponding to a percentage of iodixanol approximately equal to 
52%, although depending upon the number of viral particles loaded on the gradient and 

15 the volume and capacity of the gradient, the range of concentrations at which purified 
rAAV particles may be found may range on the order of from about 50% to about 53%, 
or fi-om about 50% to about 54%, 55%, 56%, 57%, 58%, 59% and even up to and 
including about 60% iodixanol. Likewise, the range of concentrations at which the rAAV 
particles may be isolated following centrifugation may be on the order of from about 55% 

20 down to and including about 49%, about 48%, about 47%, about 46%, about 45%, about 
44%, about 43%, about 42%, about 41% or about 40% or so iodixanol. Naturally, all 
concentrations in the range of from about 40% to about 60% are contemplated to be 
useful in recovering purified rAAV particles from the centrifuged gradient. As such, all 
intermediate concentrations including about 41%, about 42%, about 43%, about 44%, 

25 about 45%, about 46%, about 47%, about 48%, about 49%, about 50%, about 51%, about 
52%, about 53%, about 54%, about 55%, about 56%, about 57%, about 58%, and about 
59% or so are contemplated to be xiseful in the practice of the present invention for 
recovering purified rAAV particles from the centrifuged gradient. 

When step gradients are utilized, it is convenient to include in the gradient steps 

30 that encompass or "bracket" the range of optimal recovery of virus. For example, in a 



25%/40%/60% step gradient, the 40% band comprises the virus, and this fraction is then 
removed for recovery of the vims composition. The design of both continuous and 
discontinuous gradients is well-known to those of skill in the art, and those having benefit 
of the present specification may readily prepare iodixanol gradients of sufficient capacity- 
and range to isolate a band of purified rAAV particles from the gradient following 
centrifiigation. 

In certain embodiments, to improve the yield and/or recovery of virus particles 
from such a gradient, one may add to one or more steps of the gradient one or more salts 
to reduce or prevent aggregation of the virus and any cellular debris or proteins, 
polypeptides, etc. which may be present in the crude sample. In an exemplary 
embodiment, the inventors have shown that the addition of salt to the 15% iodixanol step 
in a discontinuous gradient improves the recovery of virus particles from an iodixanol 
gradient. As an example, the addition of NaCl to a final concentration of about 1 M in 
the 15% step was found by the inventors to be particularly advantageous in recovery of 
purified rAAV particles from the 40% step of such a gradient. While addition of one or 
more salts to one or more of the other steps in the gradient may be performed as required, 
in most instances, the inventors have shown that the presence of salt in other steps were 
either unnecessary or unwarranted. In situations where one or more salts are added to a 
layer which comprises the rAAV particles, following centrifiigation it may be desirable to 
remove or reduce the concentration of salt in such a fraction prior to use of, or fiuther 
purification of, the rAAV. Such removal may readily be achieved by dialysis, 
microconcentration, ultrafiltration, and the like. 

In alternative embodiments, the inventors contemplate that the gradient may 
optionally comprise one or more additional compositions to permit fiirther, or enhanced 
purification of rAAV particles. Such compositions may include derivatives of iodixanol, 
iodixanol analogs, iodixanol-derived compounds, and/or compounds having 
centrifiigation properties similar to, equal to, or superior to, iodixanol-alone 
compositions. Depending upon the particular composition added to the gradient, the 
relative position of the purified particles in the gradient may vary from tiiat in which 
iodixanol alone is used {i.e. approximately 52% iodixanol), but such variance is readily 
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overcome in the design of the gradient, and does not preclude the isolation of the rAAV 
fix)m the particular density in the gradient where such virus particles are banded 
following centrifugation. Likewise, vAien one or more compositions are added to the 
iodixanol gradient, the centnfugation time, centrifugal force, and/or banding position 
within the gradient of the viral particles may be varied depending upon the particular 
application. Any such variations, improvements, or alterations in the composition of the 
iodixanol gradient are also contemplated to fall within the scope of this invention, and 
such modifications to the gradient will be apparent to those of skill in the art given the 
benefit of the teachings of the instant specification. 

In a second embodiment, the invention relates to a method for purifying rAAV 
particles fliat comprises contacting a sample containing the virus with at least a first 
matrix that comprises heparin, under conditions effective and for a period of time 
sufficient to permit binding of the virus to the matrix, removing any unbound proteins or 
contaminants from the matrix, and then subsequently collecting or eluting the virus fi-om 
the matrix. In exemplary embodiments, the matrix comprises heparin agarose type I or 
heparin agarose type II-S, although the inventors contemplate the use of any heparin 
composition or combinations thereof demonstrated to be effective in binding the rAAV, 
and thus removing it from a solution that is contacted with such a matrix. Preferably, the 
matrix is an affinity chromotographic medium, that may be comprised within a column, a 
syringe, a microfilter, or microaffmity column, or alternatively may be comprised within 
an HPLC afiFmity column. The matrix may be formed of any material suitable for the 
preparation of a heparin affinity matrix, and may, for example, be formulated as a resin, 
bead, agarose, acrylamide, glass, fiberglass, plastic, polyester, methacrylate, cellulose, 
sepharose, sephacryi, and/or the like. In fact, the inventors contemplate that the matrix 
may be fashioned out of any suitable material that forms a solid or semi solid support, 
and that permits the adsorption, ionic bonding, covalent linking, crosslinking, 
derivatization, or other attachment of a heparin moiety to the support matrix. Indeed, the 
art of affinity chromatographic medium preparation is sufficiently advanced so that a 
skilled artisan could readily prepare a suitable heparin affinity medium for use in 
purifying the rAAV particles using the methods disclosed herein. For example, the 
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inventors have shown that an HPLC affinity column containing a crosslinked 
polyhydroxylated polymer derivatized with one or more heparin functional groups was 
useful in the purification of rAAV from a solution contacted with such a column. 

Elution of the bound virus to the affinity column may be achieved in any manner 
5 convenient to the skilled practitioner, and may include, for example, the use of one or 
more elution buffers such as a salt buffer, to collect the virus from the colunm. In an 
exemplary embodiment, the inventors utilized a 1 M NaCl solution to elute the virus from 
the column. Prior to elution, the column comprising the boimd virus may be washed with 
one or more washing or equilibrating buffers prior to elution of the virus from the 
10 column. 

The use of an affinity column to purify rAAV particles may be used alone, or may 
be combined with the iodixanol gradient as described above to further increase the 
purification of the rAAV composition. One or more affinity columns may be utilized 
prior to the density gradient centrifugation purification method, and/or one or more 

15 affinity colunms may be utilized after the purification through iodixanol gradients. In an 
exemplary embodiment, a cellular lysate containing rAAV particles is subjected to 
iodixanol centrifugation, and the fraction of the gradient containing the partially-purified 
rAAV is then contacted with at least one heparin affinity column to increase the total 
purity of the rAAV preparation. 

20 Likewise, following either or both of the aforementioned purification methods, 

the rAAV composition obtained may be subjected to further purification, dialysis, 
concentration, and/or the like. In an exemplary embodiment, the partially-purified rAAV 
preparation may be further purified by contacting a fraction or sample containing or 
comprising recombinant adeno-associated virus with a hydrophobic matrix, under 

25 conditions effective to permit interaction of hydrophobic species (proteins or other 
contaminants) with the hydrophobic matrix, and collecting the non-interacting virus from 
the hydrophobic matrix. Preferred are hydrophobic matrices that comprise phenyl 
groups, for example phenyl sepharose, phenyl sepharose 6 fast flow (low sub) or phenyl 
sepharose 6 (high sub). In certain embodiments, rAAV that has been partially purified by 
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heparin affinity chromatography is further purified by hydrophobic interaction 
chromatography. 

In other embodiments, the partially-purified rAAV preparation may be further 
purified by subjecting the viral sample to one or more cesium chloride equilibrium 
5 density gradients, and collecting from the gradient(s) the fraction(s) comprising the 
purified vuiis. The virus may then optionally be further purified by dialysis, 
microfiltration, microconcentration, and/or precipitation. Additionally, the virus may be 
further purified by contacting the virus with one or more ion exchange chromatography 
media, and eluting the virus from the media using one or more suitable elution buffers. 

10 Such an ion exchange chromatography medium may comprise a cation or an anion 
exchange medium. An exemplary cation exchange mediimi comprises at least one 
negatively-charged sulfonic group. 

Contaminants that may be present in the sample containing the recombinant 
adeno-associated virus include, but are not limited to, viruses, such as adenovirus or 

15 herpes simplex virus, proteins, polypeptides, peptides, nucleic acids, cell extracts, growth 
medium, or combinations thereof The methods of the present invention serve to reduce 
or eliminate one or more, or in certain embodiments all of the contaminants in a given 
recombinant adeno-associated virus sample. In preferred embodiments, the rAAV is 
about 70%, about 80%, about 90%, about 95%, about 98%, about 99%, about 99.5% or 

20 more pure as judged by any of a variety of assays and analytical techniques that are 
known to those of skill in the art, including, but not limited to gel electrophoresis and 
staining and/or spectroscopy. 

In certain embodiments, the invention provides methods for the preparation of 
highly-purified rAAV compositions comprising greater than about 10*° rAAV 

25 particles/ml. In exemplary embodiments, such methods have been demonstrated useful in 
the preparation of viral compositions comprising greater than about 10**, 10*\ and even 
greater than about 10*^ or lO*'* particles/ml. In other embodiments, the invention provides 
methods for the preparation of rAAV compositions having a particle-to-infectivity ratio 
of less than about 100, and in certain aspects less than about 90, about 80, about 70, about 
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60, about 50 about 40, about 30, about 20 about 10, about 5, or in certain exemplary 
embodiments rAAV compositions having a particle-to-infectivity ratio of about 1 . 

The process for preparing highly-purified and/or highly-infectious viral 
preparations generally comprise the steps of centrifuging a sample containing 
recombinant adeno-associated virus through an iodixanol gradient, collecting fi-om the 
iodixanol gradient at least a first fiaction comprising the recombinant adeno-associated 
virus, contacting the at least a first fiaction comprising the recombinant adeno-associated 
virus with a matrix comprising heparin, under conditions effective to permit binding of 
the virus to the matrix, removing non-bound species from the matrix, and eluting the 
virus from the matrix. Other methods for isolating rAAV provided by the present 
invention comprise the steps of centrifiiging a sample containing or suspected of 
containmg recombinant adeno-associated virus through an iodixanol gradient, collecting 
the purified virus from the gradient, contacting the vuois collected from the gradient with 
a matrix comprising heparin, under conditions effective to permit binding of the virus to 
the matrix, collecting the virus from the matrix, subjecting the virus collected from the 
matrix to at least a first cesium chloride equilibrium density gradient, and collecting from 
the gradient a fiaction comprising the highly-purified rAAV composition. 

Additional methods of isolating a recombinant adeno-associated virus are also 
provided in the present invention. These methods generally comprises the steps of 
centrifiiging a sample containing recombmant adeno-associated virus through an 
iodixanol gradient, collecting fix)m the iodixanol gradient at least a first fraction 
comprising the recombinant adeno-associated virus, contacting the at least a first fraction 
comprising the recombinant adeno-associated virus with a matrix comprising heparin, 
under conditions effective to permit binding of the virus to the matrix, removing at least a 
first non-bound species from the matrix, eluting the virus from the matrix, contacting the 
eluted virus with a hydrophobic matrix, under conditions effective to permit interaction of 
hydrophobic species with the hydrophobic matrix, and coUectmg the non-interacting 
virus from the hydrophobic matrix. 

Further methods generally comprise the steps of centrifuging a sample suspected 
of containing recombinant adeno-associated virus through an iodixanol gradient, 
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collecting the purified virus from the gradient, contacting the virus collected from the 
gradient vsdth a first matrix comprising heparin, under conditions effective to peraiit 
binding of the virus to the matrix, coUectmg the virus from the first matrix, contacting the 
virus collected from the first matrix with a second matrix comprising an anion exchange 
5 medium, and collecting from the second matrix a fraction comprising the purified virus. 

In another embodiment, the invention provides a method of preparing 
recombinant adeno-associated virus. The method generally involves subjecting a sample 
suspected of containing recombinant adeno-associated virus to centrifugation through an 
iodixanol gradient, and collecting the virus from a fraction of the gradient corresponding 

10 to a concentration of iodixanol of about 40%. Such a gradient may be formed as 
described above, and may be prepared either as a continuous or a discontinuous gradient. 
In the case of discontinuous gradients, the gradient will preferably include at least an 
about 15% iodixanol step, an about 25% iodixanol step, an about 40% iodixanol step, and 
an about 60% iodixanol step, with the virus being isolatable from the 40% iodixanol step 

15 following centriftigation. Following recovery of the banded rAAV particles, the virus 
may be further purified using the heparin affinity chromatographic methods disclosed 
herein, and/or be optionally fiirther purified via CsCl gradient centrifugation, anion 
exchange chromatography, cation exchange chromatography, affinity chromatography, or 
precipitation. 

20 The invention also provides methods for reducing or eliminating adenovirus from 

a recombinant adeno-associated virus composition contaminated with adenovirus. The 
method generally comprises centrifiiging a sample containing or suspected of contaming 
both recombinant adeno-associated virus and adenovirus through one or more iodixanol 
gradients as described herein, and collecting the recombinant adeno-associated virus from 

25 the gradient. The concentration of adenovirus may be ftirther reduced in such a sample 
by a number of methods, including, but not limited to, ftirther purification on a heparin 
affinity column and/or a hydrophobic interaction column, by heating the sample, or 
alternatively, by anion exchange chromatography as described herein. 

A method for reducing the concentration of adenovirus in a recombinant adeno- 

30 associated virus composition is also provided that generally involves centrifiiging a 
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sample containing recombinant adeno-associated virus through an iodixanol gradient, 
collecting from the iodixanol gradient at least a first fraction comprising the recombinant 
adeno-associated virus, contacting the at least a first fraction comprising the recombinant 
adeno-associated virus with a matrix comprising heparin, under conditions effective to 
permit binding of the virus to the matrix, removing any non-bound species from the 
matrix, and eluting the virus from the matrix. 

A fiirther aspect of the invention is the preparation of a high-titer rAAV 
composition. The method generally comprises the steps of: centrifiiging a sample or 
rAAV through an iodixanol gradient, collecting the purified recombinant adeno- 
associated virus from the gradient; contacting the partially-purified recombinant adeno- 
associated virus collected from the gradient with a matrix comprising heparin, under 
conditions effective to permit bindmg of the recombinant adeno-associated virus to the 
matrix, and collecting the recombinant adeno-associated virus from the matrix. The 
purified rAAV composition eluted from the matrix may also be optionally further 
purified, such as in the case of the preparation of high-titer viral stocks, by contacting the 
sample with a matrix comprising an anion exchange medium, imder conditions effective 
to permit binding of the recombinant adeno-associated virus to the matrix, and collecting 
the purified recombinant adeno-associated virus from the matrix, preferably by elution. 

The present invention thus also provides recombinant adeno-associated virus 
compositions, prepared by any one or more of the methods described herein. Generally, 
the invention provides at least a first recombinant adeno-associated virus composition, 
prepared by applying a sample containing recombinant adeno-associated virus to an 
iodixanol gradient, and collecting from the gradient at least a first fi:action comprising the 
recombinant adeno-associated virus. 

Also provided by the present invention are kits comprising combinations of the 
recombinant adeno-associated virus isolation media described herein. Generally, the kits 
comprise, in a suitable container, iodixanol and a matrix comprising heparin. In certain 
preferred aspects, the iodixanol is formulated as an iodixanol gradient. In other kits of 
the present invention, the matrix comprises heparin agarose type I or heparin agarose 
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type II-S. Additional kits of the invention further comprise a hydrophobic matrix, such as 
a matrix comprising phenyl groups, exemplified by phenyl sepharose. 

3.0 Brief Description of the Drawings 
5 The following drawings form part of the present specification and are included to 

fiuther demonstrate certain aspects of the present invention. The invention may be better 

imderstood by reference to one or more of these drawings in combination with the detailed 

description of specific embodiments presented herein. 
FIG. 1. rAAV purification flow chart. 
10 FIG. 2. lodixanol step gradient for the purification of rAAV. Shown is a plot of the 

refractive index (vertical axis) of one ml-firactions (fraction number, horizontal axis) 

collected from the bottom of a tube after a 1 hour spin. 

FIG. 3A and FIG. 3B. HPLC purification of the iodixanol flection of rAAV-UF5, 

monitored at 231 nm. The absorbance at 231 nm (A231) is shown on the left vertical axis, 
15 time (min) is shown on the horizontal axis, and the ratio of diluent B (%B) is shown on the 

right vertical axis. FIG. 3A. POROS® HEM chromatography. FIG. 3B. UNO™ SI 

cation exchange chromatography. The dotted line indicates the shape of the gradient. 

Elution time is shown in min above the respective peaks. 

20 4.0 Description of Illustrative Embodiments 

Recently, it has been shown that the transduction of cells by wt AAV was mediated 
through the heparan sulfate proteoglycan receptor (Sunraierford and Samulski, 1998). In 
order to develop an efficient and simple protocol for purification of rAAV, the inventors 
developed heparin affinity column chromatography, which significantly simplifies and 

25 expedites the production of rAAV. To efficiently bind the virus to the affinity media the 
inventors have also introduced a new pre-purification technique - centrifugation of the crude 
viral lysate through a pre-formed gradient of the non-ionic gradient media iodixanol. The 
present invention provides for the first time protocols which permit the completion of 
rAAV purification in one day and produces viral stocks sufficiently pure for pre-clinical 

30 and/or clinical studies. The inventors have shown that use of these new purification 
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techniques permit an increase in the yield of purified virus by at least 10-fold over 
conventional methods, resulting in highly-purified, high-titer stocks (lO'^-lO'^ particles/ml), 
equivalent to at least about 10^-10^ particles per cell, as well as improved viral infectivity 
and more rapid purification. 

5 

5.0 Examples 

The following examples are included to demonstrate preferred embodiments of the 
invention. It should be appreciated by those of skill in the art that the techniques disclosed 
in the examples which follow represent techniques discovered by the inventor to fiinction 
10 well in the practice of the invention, and thus can be considered to constitute preferred 
modes for its practice. However, those of skill in the art should, in light of the present 
disclosure, appreciate that many changes can be made in the specific embodiments which 
are disclosed and still obtain a like or similar result without departing jfrom the spirit and 
scope of the invention. 

15 

5.1 Example 1 - Methods for Production of rAAV Compositions 
5.1.1 Materials and Methods 

5.1.1.1 Cells 

Low passage number (P29-35) 293 cells were propagated in DMEM/10% FBS. 
20 The CI 2 cell line (Clark et al, 1995) was maintained in the presence of 0.5 mg/ml G418, 
while the Cre8 cell line (Hardy et ai, 1997) was propagated in DMEM supplemented with 
200 ^g/mlG418. 

5.1.1.2 Construction of Recombinant Plasmids 

25 The construction of pTR-UF5 was described earlier (Klein, 1998). To produce the 

vector containing the enhanced blue fluorescent mutant of green fluorescent protein (gfp; 
Heim and Tsien, 1996), the inventors have introduced the Tyr-145-Phe mutation into 
pTR-UFB background (Zolotukhin et al, 1996) using Quick Change site-Directed 
Mutagenesis kit (Stratagene, La Jolla, CA). The resulting plasmid was termed pTR-UF6. 

30 To construct the rAd-UF7 vector, the inventors substituted the rAAV cassette from pTR- 
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UF5 for the CMV promoter fiagment in pAdlox (Hardy et al., 1997). The infectious rAd- 
UF7 was rescued essentially as described by Hardy etal. (1997). QC-PCR™ standard 
template pdl-neo was constructed as described earlier (Conway et al., 1997). The primers 
used to detect rAAV were: 
5 5'-TATGGGATCGGCCATTGAAC-3' (SEQ ID NO: 1) and 

5'-CCTGATGCTCTTCGTCCAGA-3' (SEQ ID N0:2). 

5.1.1.3 Production of rAAV 

To produce rAAV, a triple co-transfection procedure was used to introduce a rAAV 

1 0 vector plasmid (pTR-UF5 or pTR-UF6) together with pACG2 AAV helper (Li et al. , 1997) 
and pXX6 Ad helper (Xiao et al. , 1998) at a 1 : 1 : 1 molar ratio. Altematively, rAAV vector 
plasmid was co-transfected with the helper plasmid pDG carrying the AAV rep and cap 
genes, as well as Ad helper genes, required for rAAV replication/packaging (Grimm et al., 
1998). Plasmid DNA used in the transfection was purified by conventional alkaline 

1 5 lysis/CsCl gradient protocol. 

The transfection was carried out as follows: 293 cells (P33) were split 1:2 the day 
prior to the experiment, so that, when transfected, the cell confluence was about 75-80%. 
Ten 15-cm plates were transfected as one batch. To make CaP04-precipitate 180 ^g of 
pACG2 were mixed with 180 ^g of pTR-UF5 and 540 jig of pXX6 in a total volume of 

20 12.5 ml of 0.25 M CaClj. The old media was removed fmm tiie cells and the formation of 
the CaP04-precipitate was initiated by adding 12.5 ml of 2 x HBS pH 7.05 (pre-warmed at 
37°C) to the DNA/CaClj solution. The DNA was incubated for 1 min, at which time the 
formation of the precipitate was stopped by transferring the mixture into pre-warmed 
200 ml of DMEM-10% FBS. Twenty-two ml of the media was immediately dispensed into 

25 each plate and cells were incubated at 37°C for 48 h. The CaP04-precipitate was allowed to 
stay on the cells during the whole incubation period without compromising cell visibility. 
Forty-eight hours post-transfection cells were harvested by centrifiigation at 1,140 x g for 
10 min; the media was discarded unless specified otherwise. Cells were then lysed in 15 ml 
of 0.15 M NaCl - 50 mM Tris HCl pH 8.5 by 3 freeze/thaw cycles in dry ice-ethanol and 

30 37°C baths. Benzonase (Nycomed Pharma A/S, pure grade) was added to the mixture (50 

-15- 



) 



U/ml final concentration) and the lysate was incubated for 30 min at 37°C. The crade lysate 
was clarified by centrifugation at 3,700 x g for 20 min and the virus-containing supernatant 
was fiirther purified by iodixanol density gradient centrifugation. 

5.1.1.4 Conventional Purification Protocol 

rAAV was purified essentially as described earlier (Snyder et d., 1996) with the 
following modifications. The virus pellet after the second ammonium sulfate cut was 
resuspended in total of 39 ml of 1 .37 g/ml CsCl/PBS and subjected to an 1 8 h spin in 60 Ti 
rotor (Beckman Instruments, Somerset, NJ) at 255,600 at 15°C. The gradient was 
firactionated jfrom the bottom of the tube and aliquots of the middle ten fiactions were 
screened for rAAV by PGR™. Positive firactions were pooled, diluted to 13 ml with the 
CsCl solution of the same density and centrifaged in an 80 Ti rotor (Beckman Instruments, 
Somerset, NJ) at 391,600 xg for 3.5 h at 15°C. After fi^ctionation of the gradient, the 
positive fractions were identified by PGR™ and pooled. The virus then was 
concentrated/dialyzed using the lJLTRAFREE-15 centrifugal filter device BIOMAX-IOOK 
(Millipore, Bedford, MA). 

5.1.1.5 Preparation of Iodixanol Density Gradient 

A typical discontinuous step gradient was formed by underlayering and displacing 
the less dense cell lysate with Iodixanol 5,5'[(2-hydroxy-l-3-propanediyl)- 
bis(acetylamino]bis[N,N'-bis[2,3dihydroxypropyl-2,4,6-triiodo-l,3-ben^ 
prepared using the 60% (w/v) sterile solution of OptiPrep (Nycomed). Specifically, 15 ml 
of the clarified lysate were transferred into a Quick-Seal Ultra-Clear 25 x 89 mm centrifiige 
tube (Beckman Instruments, Somerset, NJ) using a syringe equipped with a 1.27 x 89 mm 
spinal needle. Care was taken to avoid bubbles, which would interfere with subsequent 
filling and sealing of the tube. A two-channel variable speed peristaltic pump, Model EP-1 
(Bio-Rad Laboratories, Hercules, CA), was equipped with PharMed 1.6 mm ID tubing with 
two additional 15 cm pieces of silicon 1.6 mm ID tubing attached at both sides of the pump 
head fi^me assembly. Each tubing line was equipped at both sides with a 100 |nl 
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microcapillary borosilicate glass pipet (Fisher, Pittsburgh, PA). Two pipets at one end of 
both channels were simultaneously placed into 50 ml screw cap conical tubes (Sarstedt). 

Eighteen ml of the solution (9 ml per one centrifuge tube) containing 15% 
iodixanoM M NaCl-PBS-MK (1 x PBS-1 mM MgClj, 2.5 mM KCl) were transferred into 
5 the tube and the pump was started at 4 ml/min. Both channels were primed with the 
iodixanol solution down to the tip of the glass pipet at the other end of the line, at which 
time the pump was stopped and the two pipets were inserted into two centrifuge tubes 
containing cell lysate. The tips of the pipets were placed at the bottom of the tubes and the 
pump was started to dispense the first density step. Care was taken to introduce no air 

10 bubbles into the tubmg, which could disturb the density layers. With about a drop of the 
first density step solution left in the tube the pump was stopped and 12 ml of the second 
density step (6 ml per one centrifuge tube) containing 25% iodixanol-PBS-MK-Phenol Red 
(2.5 |il of 0.5% stock solution per ml of the iodixanol solution) were added to the same 
50 ml tube. The dispensing of the second step was resumed as described above, followed 

15 by the third step, consisting of 10 ml (5 ml per one centrifuge tube) of 40% iodixanol- 
PBS-MK, and, finally, by 10 ml (5 ml per one centrifuge tube) of 60% iodbcanol contaimng 
Phenol Red (at the same concentration as the 25% step, 0.01 ^ig/ml). The two 
microcapillary pipets then were carefully withdrawn and the tubes were filled with 
PBS-MK buffer. Therefore, each gradient consisted of (fi-om the bottom up): 5 ml 60%, 

20 5 ml 40%, 6 ml 25%, 9 ml of 1 5% iodixanol, the last density step containing 1 M NaCl. 

Tubes were sealed and centrifuged in a Type 70 Ti rotor (Beckman Instruments, 
Somerset, NJ) at 350,000 x g for 1 h at 18°C. The Phenol Red serves to distinguish the 
alternating density steps. About 4 ml of the clear 40% step was aspirated after puncturing 
the tube on the side with a syringe equipped with an 18 gauge needle with the bevel 

25 uppermost. A similar amount was removed as 0.75 to 1 ml flections upon harvest. The 
vims was further purified as described below and shown in FIG. 1. 

5.1.1.6 Purification of rAAV Using CsCl Gradient Centrifugation 

The rAAV-containing iodixanol fraction was further purified using a conventional 
30 . CsCl gradient. To form the gradient 4.5 ml of vims in iodixanol were mixed with 35 ml of 
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CsCl (1.37 g/ml in PBS), transferred into a Quick-Seal 25 x 89 mm centrifuge tubes 
(Beckman Instruments, Somerset, NJ) and centrifuged in a Type 60 rotor (Beckman 
Instruments, Somerset, NJ) at 214,800 x g overnight at 18°C. The gradient was processed 
as described above. 

5 

5.1.1.7 Purification of rAAV using Heparin Affinity Chromatography 

The binding, washing and elution conditions were identical for all Heparin-ligand 
aflSnity media used. Typically, a pre-packed 2.5 ml Heparin agarose Type I column (Sigma 
Chemical, St Louis, MO) was equilibrated with 20 ml of PBS-MK under gravity. 

10 Alternatively, the columns were placed inside 15 ml screw cap conical tubes (Sarstedt) and 
spun in a low speed centrifuge TypeJ6-HC (Beckman Instruments, Somerset, NJ) at 
200 rpm for 5 min. After each spin the flowthrough was discarded and fresh buffer was 
added to repeat the washing three more times. The iodixanol fraction containing virus was 
applied to the pre-equilibrated column under gravity and the column was washed with 

15 10 ml of the PBS-MK buffer either under gravity or in the spin column mode. The rAAV 
was eluted with the same buffer containing 1 M NaCl imder gravity. After ^plying the 
elution buffer, the first 2 ml of the eluant were discarded, and the virus was collected in the 
subsequent 3.5 ml of the elution buffer. Conventional Heparin columns that were not 
prepacked were loaded and eluted in a similar manner. 

20 Alternatively, the Heparin agarose columns were placed into screw-type valves of 

the Visiprep Solid Phase Extraction (SPE) Vacuum Manifold (Supelco). The manifold 
valves were equipped with disposable Teflon valve liner guides, designed to eliminate the 
possibility of cross-contamination from one sample to the next in the same manifold port. 
Each guide was placed into 15 ml screw cap conical tube (Sarstedt) used as the collection 

25 vessel. This arrangement ensures that all surfaces that come in contact with the sample can 
be replaced following each chromatography. Chromatography was performed with house 
vacuum attached to the manifold's vacuum gauge, using less than 1 cm HjO (-1" Hg) 
• vacuum. Precise flow control through each column was provided by rotating the 
independent, screw-type valves buih into the cover. Up to 12 samples could be purified 

30 simultaneously using the 12-Port Model manifold. 
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For the ACTI-Disk 50 filter disk chromatography, the binding of the virus in 
40%iodixanol was performed in the upward fashion, Le., the flow of the solution was 
directed against gravity from the bottom part of the filter assembly towards the top using a 
peristaltic pump. Once applied, the filter assembly was tumed up side down and 
5 chromatography was resumed in a regular downward fashion with gravity. 

5.1.1.8 Purification of rAAV Using HPLC Chromatography 

System Gold (Beckman Instruments, Somerset, NJ) hardware installed inside a 
biosafety cabinet was used to further purify the iodixanol fraction of virus. Only 

10 biocompatible polyetheretherketone (PEEK) tubmg and fittings were used to process the 
samples. The chromatography was monitored at 231 nm. The virus in 4 to 5 ml of 
iodixanol was directly loaded onto a column using 5 ml injection loop. When the volume 
of the sample exceeded 5 ml, multiple successive injections were performed, each followed 
by washing with 5 ml (injection loop dwell volume) of mobile phase. Two different 

1 5 columns were successfully used to purify the virus. 

5.1.1.9 UNO™ SI Cation-Exchange Chromatography 

UNO™ SI column (Bio-Rad Laboratories, Hercules, CA) contained "Continuous 
Bed" support (bed volume 1.3 ml) derivatized with strongly acidic negatively charged-S03 
20 sulfonic groups. The column was pre-equilibrated with solvent A (PBS-MK buffer). The 
virus sample was loaded at 0.5 ml/min and the colunm was washed with solvent A until the 
iodbcanol-induced absorption was reduced to near background levels. A 0-1 M gradient of 
NaCl in PBS-MK was applied over 36 min (15 column volumes) and the virus was eluted 
as a double UV absorption peak, which was collected manually. 

25 

5.1.1.10 POROS® HE Heparin Affinity Chromatography 

POROS® HE/M heparin column (Boehringer Mannheim Biochemicals, 
Indianapolis, IN) contained particles coated with a crosslinked polyhydroxylated polymer 
(bed volume 1.7 ml) derivatized with heparin functional groups. The chromatography 
30 conditions were essentially the same as described for the UNO™ SI column, except that a 
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0-0.5 M Na2S04 in PBS-MK gradient was applied (15 column volumes) at a flow rate of 
1 ml/min. A single UV absorption peak of a virus was collected manually. 

5.1.1.1 1 Phenyl Sepharose Hydrophobic Interaction Chromatography 

5 Phenyl Sepharose (Pharmacia Biotech) is a highly cross-linked agarose (6%, 

spherical) that is substituted with approximately 20 iiimol (low sub) or 40 ^mol (high sub) 
of phenyl per ml of gel. The column is equilibrated with a high ionic strength buffer (salt 
concentration just below that employed for salting out proteins, for example 1.7 M 
(NH4)2S04) at a flow rate of about 400 cm/h. The rAAV does not interact with the Phenyl 
10 Sepharose, and is eluted in the void volume of the column, while certain contaminating 
proteins interact with the column and are thus retained. 

5.1.1.12 Concentration of rAAV 

The virus was concentrated and desalted by centrifugation through a BIOMAX 
15 100 K filter (Millipore, Bedford, MA) according to the manufacturer's instructions. The 
high salt buffer was changed by repeatedly diluting concentrated virus with Lactated 
Ringer's solution and repeating the centrifiigation. 

5.1.1.13 Quantitative Competitive PCR™ (QC-PCR^^ Assay 
20 FOR Determining rAAV Physical Particles 

The purified viral stock was first treated with DNase I to digest any contaminatmg 
unpackaged DNA. Ten ^1 of a purified virus stock was incubated with 10 U of DNase I 
(Boehringer Mannheim Biochemicals, Indianapolis, IN) in a 100 ^I reaction mixture, 
containing 50 mM Tris HCi, pH 7.5, 10 mM MgCl2 for 1 h at 37°C. At the end of the 
25 reaction, 10 jil of lOX Proteinase K buffer (10 mM Tris HCI, pH 8.0, 10 mM EDTA, 1% 
SDS final concentration) was added, followed by the addition of 1 |li1 of Proteinase K 
(18.6mg/ml, Boehringer Mannheim Biochemicals, Indianapolis, IN). The mixture was 
incubated at 37*^0 for one h. Viral DNA was purified by phenol/chloroform extraction 
(twice), followed by chloroform extraction and ethanol precipitation using 10 jig of 
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glycogen as a carrier. The DNA pellet was resuspended in 100 ^1 of HjO and dilutions 
were made to use in the QC-PCR™ assay. 

The PGR™ reaction mixtures each contained 1 \il of the diluted viral DNA and two- 
fold serial dilutions of the intemal standard plasmid DNA pd\-neo. The most reliable range 
5 of the dilution standard DNA was found to be between 1 and 100 pg. An aliquot of each 
reaction was then analyzed by 2% agarose gel electrophoresis, until two PGR™ products 
were resolved. The analog image of tiie ethidium bromide (EtBr)-stained gel was digitized 
using an ImageStore 7500 system (UVP). The densities of tiie target and competitor bands 
in each lane were measured using ZERO-Dscan Image Analysis System, version 1.0 
10 (Scanalytics) and the respective ratios were plotted as a function of the standard DNA 
concentration. A ratio of 1, at which the number of viral DNA molecules equals the 
number of standard competitor DNA was used to derive the respective DNA concentration 
of the virus stock, which was the value of the line at the X intercept 

15 5J.1.14 Infectious Center Assay to Determine rAAV Virus Titer 

A modification of the previously published protocol (McLaughlin et al, 1988) was 
used to measure the ability of the virus to infect C12 cells (Clark et al, 1995), unpackage, 
and replicate. Briefly, C12 cells were plated in a 96-well dish at about 75% confluence and 
infected with Ad5 at the multiplicity of infection (M.O.I.) of 20. One ^il of serially diluted 

20 rAAV to be titered was added to each well, whereupon cells were incubated for 42 h. Cells 
infected with rAAV-UF5 were visually scored using the fluorescence microscope. To 
calculate the titer by hybridization, cells were harvested and processed essentially as 
described earlier (McLaughlin et al , 1988). 

25 5.1.1.15 Protein Concentration 

The protein concentration in rAAV samples was determined using the 
NanoOrange™ Protein Quantitation Kit (Molecular Probes). The fluorescence in the 
sample was measured using the Laboratory Fluorometer Model TD-700 (Tumer Designs). 
To estimate the purity of various virus fractions, virus was electrophoresed on 12% SDS 
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acrylamide gels for 5 hours at 200 volts under standard buffer conditions and visualized by 
silver staining. 

5.1.2 Results 

5 The history of the rAAV as a gene delivery vector is not without controversy. 

While some investigators in the field report efficient rAAV-mediated transduction, others 
have found strong dependence of the transduction upon Ad helper virus contaminants 
(Ferrari et al, 1996), wt AAV contaminants (McLaughlin et al, 1988; Samulski et ai, 
1989) or mitotic or growth state of the cells being transduced (Russel et al., 1994). 

10 A pseudotransduction artifect has been also reported when using crude rAAV viral 
preparations (Alexander et al, 1997). 

Some of the variability in rAAV transduction in vivo is undoubtedly due to the 
intrinsic properties of the target cells. Some targets for example, do not have the high 
affinity heparin proteoglycan receptor (Summerford and Samulski, 1998) and others may be 

1 5 incapable of efficiently synthesizing the transcriptionally active form of the rAAV genome 
(Femii et ai, 1996; Fisher et al., 1996). However, much of the variation is also due to the 
methods used for purifying rAAV and the contaminants that are present in the final 
preparation. In general, there has been a correlation between the success of AAV vectors 
and the ability to generate high-titer virus free of contaminants. Under optimal conditions, 

20 as few as 1 0-40 infectious particles of rAAV have been found to be sufficient to transduce 
one cell in vivo (BGein et al., 1998; Peel et al., 1997; Lewin et al., 1998). 

Recent advances in design of wt AAV and mini Ad helper plasmids have made it 
possible to produce high-titer rAAV free of Ad contamination. Although the current 
transient transfection protocol for producing rAAV yields up to about 10"- 10^ rAAV 

25 particles per cell in crude lysates, relatively little attention has been paid to downstream 
purification. Most laboratories continue to use sequential CsCl centrifugation. Not only 
does it take several weeks to complete, it often results in loss of up to 90% of virus. 
Furthermore, the fmal stock is often contaminated with cell or serum proteins, which may 
compromise subsequent interpretation of the data by triggering an in vivo immune response. 

30 While the quality of such vector preparations may be useful in some laboratory studies, and 
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perhaps even some additional pre-clinical applications, they are unsuitable for clinical 
studies using rAAV that require highly-purified vector stocks containing few if any 
contaminating substances. 

5 5.1.2.1 Production OF rAAV 

To produce rAAV, the inventors used the transient Ca-phosphate-mediated co- 
transfection protocol, delivering three plasmids (rAAV Vector pTR-UF5 (Zolotukhin et al, 
1996), wt AAV helper pACG2 (Li et al, 1997) and Ad helper pXX6 (Xiao et aL, 1998)). 
Alternatively the helper plasmid pDG was used to provide all genes required to propagate 

10 rAAV (Grimm et aL, 1998). To streamline the protocol the CaP04/DNA precipitate was 
left in the media for the whole mcubation period of 48 h. This did not compromise cell 
viability, but did increase the transfection eflBciency at least two-fold. The transfection 
efficiency routinely reached 60% as judged by GFP fluorescence. After harvesting the 
cells, virus was extracted by freezing and thawing the cells and clarified by low speed 

15 centrifiigation. The use of sonication, microfluidizing, and detergent extraction (for 
example, deoxycholate) did not appear to significantiy increase the viral yield. 

5.1.2.2 loDixANOL Density Step Gradient 

Tamayose and co-authors have recentiy described a Cellulofine sulfate 
20 chromatography protocol as a method of purification and concentration of the rAAV firom 
the crude lysate (Tamayose et aL, 1996). However, using this method the inventors 
repeatedly failed to quantitatively bind rAAV in the crude lysate. It appeared that rAAV 
and cell proteins could form aggregates in lysate. These complexes fail to display uniform 
biochemical properties, which makes it difficult to develop a purification strategy. It also 
25 leads to poor recovery of the virus at all purification stages. Finally, this nonspecific 
interaction results in contamination with Ad proteins even after several rounds of CsCl 
gradient centrifiigation. 

The bulk purification of the crude is, therefore, a very important stage in rAAV 
purification. In the conventional protocol it is usually done by stepwise NH4SO4 
30 precipitation (Snyder et al, 1996). Although this simple procedure could be used to 
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concentrate the virus, the NH4SO4 precipitation makes a poor purification step. The 
residual ammonium sulfate salt in the protein pellet also mterferes with subsequent ion- 
exchange chromatography procedure. The dialysis at this purification stage leads to the 
aggregation and precipitation of proteins, resulted in poor recovery of rAAV. The 
5 combination of NH4SO4 precipitation and hydrophobic interaction Phenyl-sepharose 
chromatography wais also employed, although this approach also failed to produce a 
purified virus without sizeable loss of the infectivity. To solve the problem, the inventors 
mtroduced a new step into rAAV production protocol - iodixanol density gradient, which 
efficiently pre-purifies the virus fi-om the crude cell extract. 

10 Iodixanol is an iodinated density gradient media originally produced as an X-ray 

contrast compound for injection mto humans and, as such, it has been subjected to rigorous 
screening and clinical testing. It is non-toxic to cells; indeed; cells can be grown in the 
presence of 30% iodixanol for 3 days with no subsequent effect on the viability of cells. 
Unlike CsCl and sucrose gradients commonly used for firactionating macromolecules, 

1 5 iodixanol solutions can be made iso-osmotic at all densities. This property makes iodixanol 
an ideal media for analysis and downstream purification steps. Because of its non-ionic and 
inert nature, electrophoretic analysis and virus infectivity assays can be carried out on 
gradient fiactions directly m the presence of iodixanol. Since the viscosity of iodixanol 
solutions is also lower than those of sucrose of the same density, it is also possible to use 

20 the iodixanol firactions directly in subsequent chromatography purification steps without 
dialysis or dilution. 

As mentioned earlier, rAAV aggregates with proteins in cell lysate, which changes 
its buoyant density and makes it distribute along the whole length of the gradient. This 
confounded initial attempts to purify rAAV using discontinuous iodixanol gradients. The 

25 inventors, however, devised a preformed multiple density step gradient that included 1 M 
NaCl in the first 15% step. The inventors reasoned that high concentrations of salt would 
destabilize ionic interactions between macromolecules, and reduce aggregation of rAAV 
particles with cell lysate material. High salt concentrations were excluded, however, fi-om 
the rest of the iodixanol gradient in order to permit the virus to band under iso-osmotic 

30 conditions, which was important for subsequent purification steps. 
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The banding density of the purified rAAV-UFS was approximately 1.415 g/ml, 
which corresponded to an about 52% concentration of iodixanol. The inventors therefore 
incorporated a 40% iodixanol step (1.21 g/ml) as a cut-off target step to accommodate 
rAAV/protein complexes trailing at slightly lower densities, followed by a 60% step that 
acts as a cushion for any rAAV containing a full length genome. To locate the 40% density 
step after the centrifugation, the inventors stained the upper 25% and lower 60% density 
steps with Phenol Red dye. 

A plot of the refi:active index at the end of a 1 hour run is shown in FIG. 2. rAAV 
was distributed through the 40% density step and could be recovered by inserting a syringe 
needle at about 2 mm below the 60%-40% density junction. The bulk of the rAAV bands 
within the 40% density step (flections 5-8, FIG. 2). The heavy band at the 40%-to-25% 
density interface consisted mostly of cellular proteins and contained less than 5% of mput 
rAAV, as judged by FCA. A small amount of the rAAV also bands at the 40%-60% 
density junction (fraction 5, FIG. 2). Approximately 75-80% of the rAAV in the crude 
lysate is recovered in the iodixanol fraction (Table I). 

The nucleic acid/protein ratio in the rAAV-UF5 is different from wt AAV because 
of the size of the DNA packaged: 3400 bases in rAAV-UF5 vs. 4680 in wt AAV, or 
approximately 73% of the wt AAV size. Using the same protocol with no modifications, 
the inventors purified about 15 different rAAV vectors with the size of the packaged 
genome ranging from 3 to 5 kb. Regardless of the size, there was no substantial difference 
in the banding pattern of rAAV. Therefore, no modification of the protocol, accounting for 
the size of rAAV genome, is required. 

To determine the resolving capacity of the iodixanol gradient, the inventors loaded 
into separate tubes virus-containing lysates obtained from L56 x 10* cells, 3.12 x 10* cells, 
or 4.68 X 10* cells, corresponding to 5, 10 or 15 large 15-cm culture plates, respectively. 
rAAV was aspirated as described, and aliquots of each sample that were equivalent to 
1.73 X 10^ cells were subjected to SDS-gel electrophoresis. The three viral capsid proteins 
VPl, VP2, and VP3 constituted the major protein species at all concentrations, even in the 
tube with the most concentrated lysate. In further studies, however, the inventors routinely 
loaded the lysate from 10 plates per gradient. In the scale-up protocol the viral lysate from 
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3.1 X 10' cell (one hundred 15-cm plates) could be pre-purified in one Ti 70 rotor during 
single one-hour run. Such run could potentially produce 10'"* virus particles, or about 10*^ 
infectious particles. 

It is also possible to concentrate and purify rAAV from the media supematant using 
5 the iodixanol gradient (FIG. 1). To do this, the mventors precipitated the bulk of proteins 
and virus from the media using conventional precipitation with 50% ammonium sulfate. 
The pellet was fiirther resuspended m PBS-MK buffer and subjected to regular iodixanol 
gradient purification. This procedure, however, is optional, since at the time of harvesting 
cells 48 hours post-transfection the majority of the virus (about 90%) (Grimm et aL, 1998; 

10 Xiao et al, 1998) is associated with cell pellet. 

Iodixanol proved to be an excellent bulk purification method that accomplished at 
least tiiree things. Crude lysate was purified by at least 100 fold and when Ad helper was 
present. Ad contamination was reduced by a factor of 100. The virus was concentrated in a 
non-ionic and relatively non-viscous medium that could be loaded on virtually any kind of 

1 5 chromatographic matrix. Finally, iodixanol prevented rAAV aggregation and the associated 
loss of virus tiiat accompanies most other bulk purification and column chromatography 
methods. Typically, 70-80% of the starting infectious units are recovered following 
iodixanol gradient fiactionation (Table I), and unlike other purification methods, this step 
was more reproducible. 

20 

5.1.2.3 Methods for Separating Adenovirus from rAAV 

The production of rAAV by transient co-transfection with a mini Ad plasmid is an 
efficient but laborious protocol. Although it eliminates die problem of removing Ad virus 
fi-om the rAAV crude lysate, it requires up to 1 mg of plasmid DNA (combined), for 

25 transfection of 10 plates. Furthermore, it is not readily amenable to the industrial 
large-scale production using suspension cell culture. An ideal production system would 
consist of rAAV proviral cell line, induced to rescue and replicate by infection with a helper 
virus carrying the rep/cap functions, such as an HSV amplicon (Conway et al, 1997), or 
rAd. For downstream purification the HSV helper could be separated fi-om rAAV by 

30 simple filtration due to tfie considerable size difference (Conway et al, 1997) or by 
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exposure to high salt. In case of Ad, rAAV is usually separated by a combination of CsCl 
gradient centrifugation and heat treatment, both approaches suffering from drawbacks. The 
inventors were interested in whether the newly introduced iodixanol gradient could be 
combined with ion exchange chromatography columns (FIG. 1) to separate rAAV and Ad 
5 without heat inactivation of the latter. 

To address this issue, the inventors prepared pTR-UF6. This construct is identical 
to pTR-UF5 except that the gfi) cDNA contains a Tyr-145-Phe mutation in the pTR-UFB 
background described previously (Zolotukhin et al, 1996) and fluoresces blue. At the time 
of co-transfection of 293 cells with pTR-UF6 and pDG, they were also infected with 

10 rAd-UF7 at an M.O.I. of 10. rAd-UF7 is a recombinant E1-E3 deleted Ad vector that 
contains the gfp/neo cassette from pTR-UF5 and fluoresces green. The use of these two 
constructs together permitted the monitoring of infections with rAAV (pTR-UF6) and rAd 
(rAD-UF?) in the same GFP fluorescence assay by scoring for blue or green cells. Cells 
infected with rAAV fluoresce blue, while cells infected with rAd (or both viruses) fluoresce 

15 green. 

Cells transfected with pTR-UF6 and infected with rAD-UF? were processed exactly 
as described for the purification of rAAV usmg iodixanol gradient. The gradient was 
fractionated after puncturing the bottom of the tube and 25 |il aliquots from each fraction 
were subjected to the SDS acrylamide gel electrophoresis and Westem analysis with 

20 polyclonal anti-Ad antibodies. More than 99% of the Ad, as judged by the fluorescence 
assay, banded in the gradient with densities lower than 1 A g/ml. rAAV, on the other hand, 
banded in fractions 5-8 (FIG. 2; densities of 1.4 to 1.415 g/ml) and were clearly separated 
from the Ad. The crude lysate contained 4.5 x 10'^ pfu of rAd-UF7 (as determined by the 
fluorescence cell assay). After the iodixanol gradient the titer of the rAd-UF7 dropped to 

25 4.2 X 10^ pfii. Although iodixanol gradient efficiently separated rAAV/rAd mixture and 
reduced the titer of rAd by two logs, fijrther purification steps were studied to fiuther 
separate rAd. 

To reduce Ad contamination fiirther, column chromatography was used as a second 
step in purification following the iodixanol gradient. To compare the effectiveness of the 
30 various column chromatography steps, rAAV-UF5 was prepared from 1 x 10' cells as 
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described above, using pDG helper plasmid. The crude lysate was purified using the 
iodixanol step gradient and virus-containing fi:actions were pooled. The pooled fi:actions 
were then split into equal portions and virus was purified using four different methods 
illustrated in FIG. 1: (1) CsCl density gradient centrifiigation, (2) heparin affinity 
5 chromatography, (3) HPLC heparin affinity chromatography, and (4) HPLC cation 
exchange chromatography. The purification steps were monitored by measuring rAAV 
titers, both physical and infectious, as well as protein concentration in virus samples 
generated by each purification step (Table 1). For purposes of comparison, a second batch 
of virus was purified by the commonly used method of ammonium sulfate precipitation 
10 followed by two consecutive CsCl gradients (Table 1). 

5.1.2.4 Heparin Affinity Chromatography 

Heparinized supports have been successfully used for the purification of many 
heparin-binding macromolecules, including viruses such as CMV (Neyts et al, 1992). 

15 Heparin is the glucosaminoglycan moiety covalently bound to the protein core of 
proteoglycans (PG). It is closely related to heparan sulfate (HS), which constitutes the 
glycosaminoglycan (GAG) chain of the HS proteoglycan (HSPG). The latter has been 
shown to be a cell surface receptor mediating AAV infection (Summerford and Samulski, 
1998). Covalent binding of heparin molecules to the matrix through its reducing end 

20 mimics the orientation of the naturally occurring GAGs (Nadcami et aly 1994). To take 
advantage of the structural similarities between heparin and HS, heparin affinity 
chromatography was utilized to fiirther purify rAAV. 

Heparin is a heterogeneous carbohydrate molecule composed of long unbranched 
polysaccharides modified by sulfations and acetylations. The degree of sulfation strongly 

25 correlates v^th the virus-binding capacity of HS (Herold et al, 1995). It, therefore, was 
anticipated that heparinized matrices from different vendors would display different aflfinity 
towards rAAV. Thus, to develop the method the inventors tested several heparin ligand- 
containing media, including ACTI-Disk 50 (Arbor Technologies, Inc.), Affi-Gel Heparin 
Gel (Bio-Rad Laboratories, Hercules, CA), Heparin-Agarose Type I, Heparin-Agarose Type 

30 II-S and, finally. Heparin Agarose Type III-S, the last three manufactured by Sigma 
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Chemical, St. Louis, MO. Although ACTI-Disk 50 was found to bind rAAV quantitatively, 
it was not used in the actual production protocol, since the manufacturer discontinued this 
product. Affi-Gel Heparin gel and Heparin Agarose Type III-S columns failed to bind at 
least 50% of the virus and, therefore, were excluded from further consideration. 
Heparin-Agarose Type I and Heparin-Agarose Type II-S pre-packed 2.5 ml columns were 
eflBcient in retaining and subsequenfly releasing rAAV. The Type II-S column, however, 
was found to be less selective, binding many cell proteins along with the virus. The 
Heparin- Agarose Type I was the best among those tested in terms of binding specificity and 
virus recovery, and was used in further studies as described below. 

rAAV-UF5 purity at different stages of purification was analyzed by silver stained 
SDS acrylamide gel electrophoresis. The iodixanol-purified firaction prepared from cells 
transfected with pTR-UF5/pDG was direcdy applied to a Heparin-agarose Type I column 
and eluted with 1 M NaCl as described above. The 1 M NaCl firaction contained 35% of the 
input rAAV (Table 1), which was more than 95% pure, as judged by the silver stained SDS 
gel analysis. The Heparin-agarose affinity flection of rAAV was consistently more pure 
than virus purified by the conventional protocol using ammonium sulfate, followed by two 
rounds of CsCl gradient centrifugation. 
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5.1.2.5 Purification of rAAV Using HPLC Chromatography 

Two different HPLC columns, UNO™ SI and POROS® HEM heparin, were 
tested to further purify the iodixanol fraction of rAAV (FIG. 3A and FIG. 3B). Both 
columns were successful in removing most of the protein contaminants that remained in the 
iodixanol fraction. The UNO™ SI purification yielded rAAV-UF5 that was more than 
99% pure as judged by SDS acrylamide electrophoresis. Curiously two rAAV peaks were 
obtained during UNO™ SI fractionation (FIG. 3B). Both peaks were found to contain 
rAAV that was indistinguishable both by SDS-gel electrophoresis analysis and by GFP 
fluorescence assay. 

Both HPLC columns used in the study produced rAAV, comparable both in terms 
of purity and yield. POROS® HE/M column produced a slightly more infectious virus, 
which is not surprising, since the purification process involves binding to heparin, 
structurally similar to native AAV receptor. From the practical point of view, HPLC 
Heparin column is easier to use, it allows for a higher back pressure and, therefore, higher 
flow rates. It also cleared off iodixanol in the flowthrough much faster (30 min vs. 45 min, 
FIG. 3A and FIG. 3B). Finally, it performed consistently, producing essentially identical 
chromatograms for as many as 10 different virus runs (the maximum tried). This kind of 
performance is very important for GMP validation of a production protocol. 

Having established that both the UNO^^-Sl and POROS® HE/M columns could be 
used successfully to purify rAAV, the inventors detemiined whether they also would 
separate adenovirus from AAV in preparations grown in the presence of Ad virus. To this 
end, the rAAV-UF6/rAd-UF7 mixture (described above) was purified by iodixanol gradient 
centrifugation and then subjected to HPLC POROS® HE/M affinity chromatography under 
the conditions described above. The majority of the contaminating rAD-UF7 was found in 
the flowthrough. The peak of rAAV-UF6 contained 8 x 10^ pfu of rAd, as compared to 
3x10*^ infectious units (lU) of rAAV"UF6 particles. Thus, the rAd titer in the mixed stock 
was decreased from 4.5 x 10^^ in the crude lysate, to 4.2 x 10* in the iodixanol fraction, to 
the 8x10^ after the HPLC affinity step. The same degree of separation was achieved with 
conventional chromatography using Heparin-agarose Type I. In contrast, UNO^^ SI cation 
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exchange chromatography failed to separate rAd and rAAV. Additional data indicates that 
the mixture could be further separated using UNO™ Ql anion exchange HPLC column. 

5.1.2.6 loDixANOL Plus CsCl Density Gradient 
5 The use of an iodixanol step gradient followed by a CsCl gradient was compared 

with the conventional use of two consecutive CsCl gradients (Table 1). The iodixanol plus 
CsCl protocol produced rAAV with purity that was comparable to iodixanol followed by 
column chromatography. Both methods produced rAAV that was significantly purer than 
virus that had undergone only two consecutive CsCl gradients. However the rAAV 

10 produced by conventional CsCl purification generally had higher particle-to-infectivity 
ratios (200-1000) than the methods described herein (Table 1). Furthermore, rAAV that 
had undergone even one CsCl centrifiigation (Table 1, row 3) had a higher particle-to- 
infectivity ratio than virus that had not been exposed to CsCl (Table 1, rows 4-6). These 
observations suggest that treatment with CsCl leads to reduced viral infectivity, 

1 5 Taken together, the data show that a combination of iodixanol plus heparin afiBnity 

chromatography (either heparin agarose or heparin HPLC) has unique advantages as a 
method for purifymg rAAV. To compare this method directly with the current method for 
rAAV purification, a crude rAAV virus stock was prepared and the two methods of 
purification were compared side by side with the same starting material, i.e., ammonium 

20 sulfate fi-actionation followed by two CsCl gradients vs. iodixanol fi:actionation followed by 
heparin agarose chromatography (Table 2). A significant increase m recovery of vector was 
seen with the iodixanol/heparin protocol, resulting from an approximately 5 fold higher 
recovery of vector particles and over a 100 fold increase in mfectivity. Expressed as the 
ratio of infectious particles to total particles, the vims prepared by CsCl centrifiigation had a 

25 significantly higher ratio than vuais prepared by the iodixanol protocol, approximately 1700 
vs 67 (Table 1). Furthermore, as expected, the virus prepared by the conventional CsCl 
method was significantly less pure than that prepared by iodixanol/heparin. 
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Table 2 

Comparison of Iodixanol/Heparin Agarose and NH4SO4/CSCL Purification 



Purificati n 


Particles by 
QC PCR™ 10" 


Infectious Units by 
FCA 10' 


Particle-to- 
Infectivity Ratio 


NH4SO4/2XCSCI 


0.2 


0.012 


1667 


Iodixanol/Heparin 
Agarose 


1.0 


1.5 


67 



Following iodixanol gradient fractionation, rAAV was sufficiently free of cellular 
5 protein such that it displayed reproducible chromatographic behavior during subsequent 
purification. Two types of columns have been identified that are capable of purifying 
rAAV approximately 10-100 fold, heparin sulfate and sulfate cation exchange resins. Both 
types of material could be used successfully in the HPLC foraiat and displayed recoveries 
of 40-70 % (Table 1). By contrast, CsCl purification of the iodixanol fraction resulted in 

10 the recovery of as little as 7 % of the starting infectious units. Therefore, methods have 
been identified that increase the yield of infectious rAAV by at least ten-fold in this step. 

Importantly, neither iodixanol fractionation nor column chromatography on heparin 
or cation exchange resins had a significant effect on the particle-to-infectivity ratio of 
rAAV. In contrast, the use of CsCl gradients generally had the detrimental effect of 

15 increasing the particle-to-infectivity ratio. If CsCl were the only method used for 
purification, the increase could be dramatic. The particle-to-infectivity ratios of rAAV that 
had been purified by iodixanol and heparin affinity ranged fix)m as low as 26 to 73 
(Table 1). The particle-to-infectivity ratio of rAAV that had been purified by iodixanol and 
CsCl was approximately 158 (Table 1). Finally, virus that had been purified only by 

20 ammonium sulfate fractionation and sequential CsCl centrifrigation had particle-to- 
infectivity ratios of 241 to 1600 (Tables 1 and 2). 

Thus, the inventors have identified methods for producing pure, high titer rAAV 
that are significantly better in yield and quality of material produced than the conventional 
methods currently in use. One of these methods, an iodixanol step gradient followed by a 

25 conventional heparin agarose column has consistently resulted in overall recoveries of 

-33- 



) } 

greater than 50% of the starting material, and produces virus that is better than 99% pure, 
with particle-to-infectivity ratios less than 100:1. Furthermore, the method allows the 
purification of rAAV in one day, 

5 5.1.2.7 lODiXANOL Plus Heparin Affinity and Phenyl Sepharose 
Chromatography 

The use of hydrophobic interaction chromatography (HIC) in the further purification 
of rAAV was investigated using Phenyl Sepharose gel (Pharmacia Biotech). rAAV that 
was initially purified on an iodixanol gradient and Heparin-Sepharose chromatography, as 

10 described above, was loaded onto a Phenyl Sepharose column. The rAAV does not interact 
with the Phenyl Sepharose, and is present in the supernatant (bulk purification) or elutes in 
the void volume (column purification). Several proteins present in the rAAV sample fix)m 
the iodixanol/heparin purification, in particular several proteins between 45 and 60 kDa and 
large proteins or aggregates of greater than about 116 kDa, interacted with the Phenyl 

1 5 Sepharose, and were retained in the gel. 

5.1.2.8 Characterization of the Purified rAAV 
5.1.2.8.1 RAAV Titering 

An important index of virus quality is the ratio of the physical particles to the 
20 infectious particles in a given preparation. To characterize the purification steps and the 
quality of the virus obtained using different methods, the inventors used two independent 
assays to titer both physical and infectious rAAV particles. For physical particle titers, the 
inventors used a conventional dot-blot assay and a QC PGR™ assay. For the mfectivity 
titer, the inventors used fluorescence cell assay (FCA), which scored for the expression of 
25 GFP, and infectious center assay (ICA). In order to avoid adventitious contamination of 
rAAV stocks with wt AAV, the use of wt AAV was eliminated firom all protocols, 
including the ICA. For the ICA and FCA, the inventors used the CI 2 cell line (Clark et al, 
1995), which contains integrated wt AAV rep and cap genes. Ad5, which was used to 
co-infect C12 along with rAAV, was titered using the same C12 cell line in a serial dilution 
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cytopathic effect (CPE) assay. The amount of Ad producing well-developed CPE in 48 h 
on C12 cells was used to provide helper function in both the ICA and FCA assays. 

Both physical particle titers and mfectious particle titers, each obtained by two 
independent titering methods, were generally in agreement, differing in most cases by a 
5 factor of 2 or less (Table 1). The particle-to-infectivity ratios ranged from 56 to 240. rAAV 
purified by iodixanoI/Heparin aflSnity chromatography had the lowest (Table 1, Rows 4 
and 5). rAAV purified exclusively by using CsCl centrifugation had the lowest infectivity, 
which is probably due to the deleterious effect of hyper-osmotic conditions of a gradient 
(Table 1, compare crude lysate in Row 1 and CsCl-purified virus. Rows 3 and 7). In 
10 extreme cases some CsCl-grade rAAV preparations had the respective ratios of 1000 or 
higher, while HPLC/heparin affinity purified stocks had ratios as low as 26. 

5.1.2.8.2 RAAV Recovery 

To compare the effectiveness of the column chromatography steps in a single study, 
15 rAAV-UF5 has been prepared from fifty 15 cm plates as described, using the pDG helper 
plasmid. The crude lysate was pre-purified using 5 tubes of iodixanol gradient and 
virus-containing firactions were pooled. The pooled flections were then split and vinus was 
purified using 5 different methods (FIG. 1). The inventors monitored the purification steps 
by measuring rAAV titers, both physical and infectious, as well as protein concentration in 
20 virus samples (Table 1). The total amount of the virus in the crude lysate was assumed to 
represent a 100% of virus, available for purification. The iodixanol gradient centrifugation 
step reduces the amount of protein in the sample 1,577 fold. Therefore, the degree of 
purification achieved at the first purification step is 1,214 times, if one takes into account 
the yield of viral particles. 

25 

5.1.2.83 Comparison of Helper Plasmids 

Recently three mdependent groups described the construction of a new generation 
of helper plasmids, pXX6, (Xiao et al, 1998), pACG2 (Li et al, 1997), pDG (Grimm et al., 
1998) and pAdA (Salvetti, 1998), which modulate the synthesis of Rep78/68 and supply Ad 
30 helper functions from non-infectious, non-packagable mini-Ad plasmids. The inventors had 
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the opportunity to evaluate side-by-side two systems, namely pACG2/pXX6 vs. pDG. In 
the studies both systems perfomied well, the pACG2/pXX6 yielding about 10*^ particles of 
rAAV per ml of the purified stock per starting size run of ten 15 cm plates, with the "wild- 
type" replication-competent AAV contamination at about 3 to 4 logs lower than 
5 recombinant virus titer. pDG, on the other hand, produced somewhat lower titers, 
3-4 X 10^^ particles/ml, with no detectable "wt" AAV contamination, as judged by the ICA, 
done on 293 cells with Ad5 helper. 

In conclusion, the developed protocol is very efficient, routinely yielding 30-40% of 
the total virus in the original crude lysate. The recovery of the virus in conventional CsCl 

10 protocol in the studies never exceeded 10%. The infectivity of iodixanol/heparin-purified 
virus is exceptional with the particle-to infectivity ratios consistently lower than 1 :100. On 
the other hand, the respective ratio for the CsCl-purified virus stays within 1:200-1000 
range. The inventors, therefore developed the method which increases the overall yield of 
the infectious rAAV by at least ten-fold. 

15 In short, the inventors have developed protocols for the purification of rAAV that 

are versatile and efficient. rAAV, purified by any of these approaches, is highly infectious 
and practically free of contaminants. It is affordable for an average research lab 
(iodixanol/Heparin-agarose protocol), or it could be adopted for a GMP production facility 
(iodixanol/HPLC chromatography protocol). The use of such techniques make broader 

20 gene therapy applications of rAAV feasible. 
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All of the compositions and methods disclosed and claimed herein can be made and 
executed without undue experimentation in light of the present disclosure. While the 
compositions and methods of this invention have been described in terms of preferred 
embodiments, it will be apparent to those of skill in the art that variations may be applied to 
the compositions and methods and in the steps or in the sequence of steps of the method 
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described herein without departing from the concept, spirit and scope of the invention. 
More specifically, it will be apparent that certain agents which are both chemically and 
physiologically related may be substituted for the agents described herein while the same or 
similar results would be achieved. All such similar substitutes and modifications apparent 
to those skilled in the art are deemed to be within the spirit, scope and concept of the 
invention as defined by the appended claims. 
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